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Abstract
Direct experimental evidence of toroidal symmetry
in a lanthanide-based molecular magnet
by
Qing Zhang
Thesis Advisor: Distinguished Professor Myriam P. Sarachik
Molecular magnets (MM) are finite clusters of identical exchange-coupled mag-
netic systems arranged within a crystalline array such that interactions between neigh-
boring MMs are negligible. Their small size has proven them amenable test beds for
the investigation of a wide range of fundamental quantum phenomena such as spin
frustration [1, 2] quantum tunneling (QT) of magnetization [3, 4] and Néel vector
tunneling, [5] quantum coherence [6, 7] and Berry phase interference. [8, 9].
Cases where MMs have been found to exhibit quantum wave-functions that
evolve coherently are particularly interesting due to their potential for use in quan-
tum information processing. [10] Toroidal magnetic moments, a kind of MM, have
fascinating properties that could prove them to be important ingredients for future
data storage and other information technology applications.
The toroidal magnetic moment is characterized by vortex distributions of mag-
netic dipoles. A classical example is a ring-shaped torus with current windings.
Molecular materials offer much richer possibilities for the design of multicentre sys-
tems with desired non-collinear arrangement of magnetic moments.
Investigations of such molecules have entailed theoretical calculations and mainly
powder sample measurements. Magnetic measurements have generally been insuffi-
cient to draw any conclusion about the toroidal nature in the ground state without ab
initio calculations. In this thesis, we report measurements of the angular dependence
v
of magnetization of (Et4N)4[Dy8O(nd)8(NO3)10(H2O)2]2MeCN (Dy8) which provide
strong evidence for a toroidal ground state in this molecular magnet.
vi
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1 Introduction
Molecular magnets (MM) are finite clusters of identical exchange-coupled magnetic
systems arranged within a crystalline array such that interactions between neighbor-
ing MMs are negligible. Their small size has proven them amenable test beds for
the investigation of a wide range of fundamental quantum phenomena such as spin
frustration [1,2] quantum tunneling (QT) of magnetization [3,4] and Néel vector tun-
neling, [5] quantum coherence [6, 7] and Berry phase interference. [8, 9] Cases where
MMs have been found to exhibit quantum wave-functions that evolve coherently are
particularly interesting due to their potential for use in quantum information pro-
cessing. [10] Toroidal magnetic moments, a kind of MM, have fascinating properties
that could prove them to be important ingredients for future data storage and other
information technology applications.
The toroidal magnetic moment is characterized by vortex distributions of mag-
netic dipoles. A classical example is a ring-shaped torus with current windings.
Molecular materials offer much richer possibilities for the design of multicentre sys-
tems with desired non-collinear arrangement of magnetic moments.
Recently such systems based on DyIII (L=5, S=5/2 & J=15/2) have drawn
attention for their magnetic vortex chirality. [11] When three DyIII ions are arranged
in a triangular configuration it is found that strong single ion anisotropy can lead to
a non-magnetic ground state. Ab initio calculations have shown that the reason for
a non-magnetic ground state in this compound is a nearly toroidal arrangement of
magnetic moments on Dy sites.
A number of molecule-based toroidal moments have been reported in recent years,
[12–16] particularly in lanthanide-based molecular magnets containing Dy. These
materials are interesting because the exchange interaction between ligated lanthanides
is very weak due to the compact nature of the 4f orbitals while the single ion anisotropy
2
due to the ligand field is strong. The strong single ion anisotropy gives rise to cluster
ground states with novel non-collinear configurations.
Investigations of such molecules have entailed theoretical calculations and mainly
powder sample measurements. Magnetic measurements have generally been insuffi-
cient to draw any conclusion about the toroidal nature in the ground state without ab
initio calculations. In this thesis, we report measurements of the angular dependence




2.1 Lanthanide based Molecule Magnetism
2.1.1 Magnetism of Free Lanthanide Ions
The 4f electrons are responsible for the magnetic properties of lanthanide ions. To
analyze the energy levels of lanthanide ion, first we consider the electron repulsion
which give the total S and total L quantum numbers, then consider the spin-orbit
coupling which gives the J quantum number, finally consider the crystal field or
ligand field to break the MJ degeneracy (Fig. 1). The 4f orbitals have a compact
radial distribution that limits hybridization with ligand orbitals (Fig. 2). The angular
dependence of the electron density is very strong (Fig. 3), this gives a strong m
dependence of energy level in the ligand field due to the Coulomb interaction. To get
the lowest energy J quantum number, we need to use Hund’s rules: (1) The value of
S takes its maximum but must be compatible with the Pauli exclusion principle; (2)
The value of L also takes its maximum as far as allowed by rule (1); (3) For ions with
less-than-half-filled shells, the level with the lowest value of J lies lowest (J = |L−S|),
while the opposite rule applies (highest J lies lowest) when a subshell is more than
half full (J = |L + S|). For example Dy3+ has nine 4f electrons, and seven orbital
states. The application of Hund’s rule to the Dy3+ ion leads to the combination of






and L = 3 + 2 = 5. the number of electron is more than the
number of states, so J = L + S = 15
2











Figure 1: Energy levels of Single Dy3+ ion.
5
Figure 2: Electron density along the radial direction.
Figure 3: The angular dependence of the 4f electron density.
For example: Dy3+4f 9
S = 5/2;L = 5; J = 15/2;6H15/2 (2)
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Table 1: The 4f electrons’ states in Dy8 molecule
ml 3 2 1 0 -1 -2 -3
↑↓ ↑↓ ↑ ↑ ↑ ↑ ↑
2.1.2 Lanthanide Magnetism in Ligand Fields
When a lanthanide ion is placed in a ligand environment with symmetry lower than
spherical, the energies of its partly filled 4f orbitals are split by the electrostatic field
of the ligand. The result is a splitting of the (2J + 1) degeneracy of the free ion
states.
Within this framework, the effect of the ligand can be described by an operator
UCF , which is the sum of one-electron operators for all the 4f electrons of the lan-
thanide, which accounts for the potential created by the charge distribution. For the
oblate electron density, an axial ”sandwich”- type crystal field minimizes the energy
of the mJ = J (high moment) state, making it a desirable target for single-molecule
magnet design. In the prolate electron density case, an equatorial electron configura-
tion minimizes the energy of the mJ = J state. (Fig. 4).
Figure 4: Lanthanide Magnetism in Ligand Fields. Depictions of low- and high-energy
configurations of the f-orbital electron density with respect to the crystal field environment
for a 4f ion of oblate (left) and prolate (right) electron density
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2.1.3 Exchange coupling in 4f ions
The total angular momentum S describing the magnetic properties of a rare earth ion
follows the same algebra as the spin, hence for rare earth ions a spin Hamiltonian can
be used, where the spin-operators are replaced by total angular momentum operators.
The exchange interaction can be expressed as:
ĤEX = −2J̃SA · SB − 2J̃zSzA · SzB (3)




B are their z components.
In order to cover the entire range of exchange parameters J̃ and J̃z, we introduce
the following parametrization:
J̃ = Ar, J̃z = A(1− |r|) (4)
A is a scaling factor and r is a measure of the relative magnitudes of J̃ and J̃z.
In this notation we have the Heisenberg model for r = ±1, the Ising model for r=0,
and the XY model for r = -0.5.
2.2 Numerical Calculation Tools
2.2.1 Effective Point Charge Model
The electrostatic potential fulfilling the symmetry requirements of the lanthanide site
can be conveniently expressed as the product of a radial function and of Legendre








Where ak are the α, β, and γ Stevens equivalent coefficients for k = 2, 4, and
6 respectively, σk are the Sternheimer shielding parameters of the 4f electronic shell
that accounts for shielding due to lanthanide 5s and 5p orbitals, 〈rk〉 are the moments
8











where Ri, θi, and ϕi are the effective polar coordinates of the point charge and Zi is the
effective point charge, associated to the i-th ligand with the lanthanide at the origin;
e is the electron charge of the coordinated anion and ckq is a tabulated numerical
factor that relates spherical harmonics Yk,−q and Stevens operator equivalents.
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3 Direct experimental evidence of toroidal sym-
metry
3.1 Overview in the Magnetic Toroidal moment
A toroidal moment is an independent term in the multipole expansion of electromag-
netic fields besides magnetic and electric multipoles. In the electrostatic multipole
expansion, all charge and current distributions can be expanded into a complete set
of electric and magnetic multipole coefficients. However, additional terms arise in an
electrodynamic multipole expansion. The coefficients of these terms are given by the
toroidal multipole moments as well as time derivatives of the electric and magnetic
multipole moments. While electric dipoles can be understood as separated charges
and magnetic dipoles as circular currents, axial (or electric) toroidal dipoles describe
toroidal charge arrangements whereas polar (or magnetic) toroidal dipole (also called
anapole) correspond to the field of a solenoid bent into a torus.
A classical example of the magnetic toroidal dipole is a ring-shaped torus with
current windings, as shown in Fig. 5. It is known as a multi-spin object breaking both
space inversion and time reversal symmetries. In condensed matter physics, magnetic
toroidal order can be induced by different mechanisms [19]: 1: Order of localized spins
breaking spatial inversion and time reversal. 2: Formation of vortices by delocalized
magnetic moments. 3: On-site orbital currents (as found in multiferroic CuO). [20] In
the first case, the resulting toroidal moment is described by a sum of cross products
of the spins Si of the magnetic ions and their positions ri within the magnetic unit
cell: [21] T =
∑
iri × Si. The net toroidal moment of Dy8 is zero.
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Figure 5: Solenoid currents j (blue) inducing a toroidal magnetic moment (red).
The search for the toroidal moment is mainly on atom-based materials in solid-
state chemistry and physics, particularly in multiferroics. [19,21] In contrast to them,
molecular materials offer much richer possibilities for the design of multicentre sys-
tems with desired non-collinear arrangement of magnetic moments, including the
one corresponding to toroidal magnetization. By analogy with single molecule mag-
nets (SMMs), the molecule-based magnetic toroidal moment clusters could be called
single-molecule toroics (SMTs).
For molecule-based materials, SMTs belong to a new class of magnetic materials
in which the toroidal moment arises from a vortex arrangement of local magnetic
moments due to wheelshaped topology (or local wheel-shape) and specific magnetic
interaction between metal sites. Toroidal moments can be influenced by the molecu-
lar symmetry and local magnetic moment, as well as magnetic interactions including
dipole interactions and exchange interactions between metal ions. A key feature
of toroidal magnetic moments is their insensitivity to homogeneous magnetic fields.
Moreover, qubits or memory storage elements designed on the basis of toroidal mo-
ments (clockwise toroidal symmetry is 1 and the anti-clockwise toroidal symmetry is
0) could be packed much more densely than spin qubits or SMM, because the mag-
netic field produced by a net toroidal moment decays much faster than the field of
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a normal magnetic dipole, allowing, in principle, for further miniaturization of the
designed nanodevices. Finally, the toroidal magnetic moment interacts with a dc cur-
rent passing through magnetoelectric coupling, depending on symmetry, which allows
the moment to be controlled and manipulated purely by electrical means, a property
much sought-after for molecular devices.
Molecular materials can offer an appealing alternative route towards SMTs and
ultimately multiferroic compounds, because SMTs can be designed and isolated in a
controllable manner using a bottom up molecular approach. Single dispersed SMTs
represent the simplest molecular units which allow the study of magnetic interactions
between spin carriers and molecular symmetry as well as local magnetic moment, thus
one could potentially build larger molecules with enhanced toroidal magnetization.
By investigating such systems one could expect to understand the nature of toroidal
response interactions between lanthanide ions as well as the factors governing the
toroidal arrangement of anisotropy axes and magnetic moments on the corresponding
metal ions.
3.2 Survey of SMTs
At present, SMTs form a relatively small group of complexes whose local easy axes on
the metal sites have a toroidal arrangement, which defines their macroscopic magnetic
behaviour. Such compounds are currently only known with dysprosium complexes
and all show SMM behaviour. The advantages of lanthanides (in particular Dy)
over transition metals for obtaining SMTs is due to the strong uniaxial magnetic
anisotropy of the Dy ions in common low-symmetry ligand environments ( gz 
gx,y). Large values of the local magnetic moments on the magnetic sites afford strong
intramolecular dipolar coupling, which was found to be responsible for the toroidal
moment of the ground states of all investigated SMTs.
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3.2.1 Dy3
A Dy3 ([Dy3(µ3 − OH)2L3Cl(H2O)5]Cl3) triangular cluster has been synthesized
(Fig. 6 left) displaying a non-magnetic ground state, as evidenced by low-temperature
magnetism of this complex (Fig. 7) [22]. The ab initio calculations of CASSCF/RASSI
level, performed with the MOLCAS suite of programs, [23] have shown that the reason
for a non-magnetic ground state in this compound is an almost toroidal arrangement
of magnetic moments on Dy sites (arrows in Fig. 6), [11] which explains their almost
complete mutual cancellation in the ground state. This was the first detection of
a toroidal moment in a molecular system, which caused its intensive study, first of
all, in the original Dy3 triangle. In particular, investigations of the magnetoelectric
properties of this compound revealed specific magnetoelectric and magneto-current
effects related to its toroidal moment. It was shown that this molecule is rather
rich and versatile for manipulation by external electric and magnetic fields or just by
current.
However, the best simulation of Dy3 is obtained with the angles φ = 17
◦ + n *
60◦ (n = 0,1, 2...), where the periodicity results from the symmetry of the molecule
(Fig. 6 right). [11] Magnetic measurements are insufficient to draw any conclusion
about the toroidal nature in the ground state without ab initio calculations.
Figure 6: Left: The Dy3 molecule structure (Blue: Dy, Red: O, Gray: C, Green: Cl).
Right: The spin configuration of Dy3 defined by φ .
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Figure 7: Top: The magnetization measurement (markers) and calculation (lines) along
different direction of the Dy3 crystal at 1.9K. Bottom: The magnetic susceptibility (markers)
and calculation (line) along different Dy3 crystal direction, the magnetic field equal 0.1T.
3.2.2 Dy4
The first net toroidal moment SMT was observed in a novel planar Dy4 cluster (Fig. 8),
[Dy4(µ3-OH)2(µ − OH)2(2,2-bpt)4(NO3)4-(EtOH)2]. Each eight-coordinate Dy ion
possesses a distorted square-antiprismatic geometry. AC (alternating current) sus-
ceptibilities (Fig. 8) are indicative of slow relaxation of the magnetization associated
with SMM behaviour (Ueff/kB = 80(3) K). Moreover, the χ
′T value (χ′, in-phase
of the AC susceptibilities) drops to nearly 0 which indicates a nonmagnetic ground
state.
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There is entirely no net toroidal moment due to its inversion symmetry. Un-
der this symmetry, the corresponding main magnetic axes are parallel, causing the
complete cancellation of the total magnetic moment (Fig. 8).
Figure 8: The structure and magnetic properties of compound Dy4. (a) the molecular
structure of Dy4, (b) Dy4 with the nearest ligand, (c) the susceptibility of Dy4, inset:
the magnetization measurement data (blue circle) and calculation (red line), (d) Top: the
temperature dependence of the χ′T (χ′, in-phase of the AC susceptibilities), Bottom: the
temperature dependence of the χ” (χ”: out-phase of the AC susceptibilities) for different
AC magnetic field frequency.
3.2.3 Dy6
Another net toroidal moment compound is [Dy(Htea)(NO3)]68MeOH (Dy6 wheel
(Fig. 9), H3tea = triethanolamine), AC susceptibilities data gives evidence for slow
relaxation of the magnetization.
Ab initio calculations were performed for the mononuclear Dy fragments of the
Dy6 wheel [13]. The gap (56 cm
−1) of the first excited Kramers doublet on Dy sites
separated from the ground one is much larger than the expected exchange splitting,
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which means that only the magnetic interactions between the ground Kramers dou-
blets on the Dy ions are relevant.The magnetic moments of the Dy ions have a toroidal
component (Fig. 9), projected onto the plane of the wheel, where the angle of the
anisotropy axes with the main symmetry axis of the complex (S6) is 43
◦.
Figure 9: (a) The structure with main anisotropy axes (dashed lines) and local mag-
netizations (arrows) in the ground state, (b) the static magnetic properties of Dy6 wheel.
Temperature dependence of susceptibility; inset: magnetization data (circles) and calcula-
tion (line)
3.2.4 Dy6-2
When toroidal moment units are linked in a ferromagnetic way, the whole toroidal mo-
ment is enhanced compared with the constituent units. In this case, we call the com-
pound an enhanced toroidal moment SMT. For example, Dy6-2 compound [Dy6L4(µ4-
O)- (NO3)4(CH3OH)]CH3OH (Dy6-2, H3L = 2,6-bis((2-hydroxyethylimino) methyl)-
4-methylphenol)(Fig. 10) [24].
The static magnetic behaviour resembles the case of the prototype Dy3. The
low-temperature susceptibility shows a maximum around T = 7 K under 1 kOe DC
field, but a constant increase with an applied field of 13 kOe. This constant increase
suggests the presence of weak antiferromagnetic interactions, which are overcome by
the application of a moderate field. The M(H) curve at 1.9 K shows an obvious in-
flection around 9 kOe. However, the non-vanishing slope of M(H) at low temperature
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shows that the ground state of Dy6-2 cannot be qualified as a nonmagnetic doublet,
in contrast to the case of prototype Dy3.
Ab initio calculations on the individual Dy magnetic sites in Dy6-2 were per-
formed. The results show the ground Kramers doublet on each dysprosium site is
well separated from the first excited state, whilst the g tensors are strongly axial with
gz >19.6 and gx,y <0.02. The corresponding directions of anisotropy axes in both
triangles (Fig. 10a) are nearly tangential and lie almost in the plane of the corre-
sponding Dy3 triangles with y of 5.368 –9.754◦, and toroidal moments of both triangle
units in Dy6-2 have similar vortex-like arrangements. The calculated energies show
a magnetic state at 7.6 cm−1 above the ground state, and a non-negligible magnetic
moment in the ground exchange doublet. The slope and the pronounced step in the
M(H) curve are well reproduced.
Figure 10: (a) Dy6-2 molecule structure, (b) magnetization measurement, inset: temper-
ature dependence of the static susceptibility, (c) temperature dependence of AC out-phase
susceptibility χ”, (d) single crystal hysteresis loop for different ramping speed.
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3.3 Challenges
The approach based on the application of high-level ab initio methods has proved to
be a reliable tool for detecting and predicting the noncollinear magnetism in polynu-
clear lanthanide complexes. In contrast to this theoretical tool, experimental evidence
of toroidal configuration of magnetic moments is lacking. To date magnetic measure-
ments by themselves are not sufficient to draw a conclusion regarding the formation of
toroidal ground states. Even if a non-magnetic ground state is detected in complexes
with an odd number of electrons, implying its non-collinear magnetic structure with
vanishing total magnetic moment, there is no reason to suppose an a priori toroidal
arrangement of magnetic moments. Up to now this situation has not been clarified
significantly by measuring single-crystal angular-dependent magnetization.
3.4 Introduction to the result of Dy8 molecule
With an interest in studying exchange coupled toroic moments, we focus our at-
tention on a recently synthesized system, (Et4N)4[Dy8O(nd)8(NO3)10(H2O)2]2MeCN,
Dy8. [25] Initial measurements showed potential evidence for weak anti-ferromagnetic
coupling and alternating current susceptibility measurements show frequency depen-
dence in out-of-phase susceptibility below 9 K. [25] The present study reports detailed
multi-orientation single crystal magnetization measurements that provide evidence
for a canted antiferrotoroidic ground state in Dy8 and the associated magnetization
dynamics in applied magnetic fields.
Molecular energy level crossing points were determined from measurements of
the single crystal angular dependence of the magnetization. By fitting Ising exchange
Hamiltonian under different local anisotropy hypotheses to these results, we deduced
the easy directions of the eight Dy ions in a Dy8 molecule. Point charge crystal
field calculations show that the Dy8 molecule can form a toroidal magnetic moment.
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The spin configuration obtained by comparing the measured and theoretical values
provide evidence for the toroidal nature of the magnetic moments in a Dy8 molecule.
The low energy magnetization dynamics of Dy8 can be interpreted in the Ising
limit, a regime where single ion anisotropy (splitting of the J manifold) is much greater
than Dy - Dy exchange energies. Magnetization measurements are performed at sub
1 Kelvin temperatures such that intra-molecular exchange induced energy splitting
associated with excited states are depopulated. Magnetization measurements as a
function of applied magnetic field (Fig. 13) indicate a ground state energy level cross-
ing. The specific field of the crossing point(s), inferred in the dM/dH curves (Fig. 14),
as a function of crystal orientation reveal information associated with the symmetry of
the exchange correlated magnetic moments. By fitting these results to a simple Ising
Hamiltonian, the exchange between nearest neighbor Dy ions are determined. How-
ever, most importantly it is found that the relative orientation of the principal Ising
axis (or easy axes) required to reproduce the experimental results is unique. These
results are backed up by point charge crystal field calculations, providing additional
evidence for the toroidal nature of the magnetic moments in a Dy8 molecule.
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Figure 11: Crystal structure of (Et4N)4[Dy8O(nd)8(NO3)10(H2O)2]2MeCN. Color code:
Dy, green; O, red; N, blue. [25]
Figure 12: Schematic top-down and side-on views of the central core of Dy ions (purple
spheres). Left: shows the local magnetic moments (blue arrows) within the ground state
doublet for each Dy ion. The green torus emphasizes the non-planar structure of the
molecule. Right: shows the canted nature of the four torroic moments (green arrows)
within the ground state.
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3.5 Magnetization measurement
3.5.1 Single Crystal magnetization measurements at 0.3K
Single crystals of Dy8 were studied using micro-Hall sensors. Steps were observed in
the magnetization hysteresis (Fig. 13), and a steep rise is seen at different field values
for different sample directions. Hall probe magnetization measurements at 0.3K for
different magnetic field directions reveal period changes in the plane (Fig. 13). Taking
the first derivative of the M vs H measurement on increasing field magnetude indicates
two peaks in the magnetization that depend on the applied field direction in the
molecular plane (X-Y plane). The precise field crossings are obtained by fitting to
a Gaussion function to dM/dH curve, the red and blue points in (Fig. 14) give the
peak positions for each magnetic field direction. The maximum of the two peaks are
indicated with red and blue stars and highlight the four fold orientation dependence
of the field crossings.
Figure 13: Dy8 Single crystal hysteresis loop with applying the magnetic field in different
direction in the plane (X-Y plane), The angle is between the field direction and the X-
axis((Fig. 12)).
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Figure 14: dM/dH as a function for applied magnetic field for field directions 0 to 341
degrees from bottom to top (small dots). The gray lines are gaussian fits to the measured
dM/dH peaks.
3.5.2 Other measurements
Static magnetic behavior down to 1.7K The static magnetic behavior of Dy8 powder
resembles that of the prototype Dy3 (Fig. 15). In the low-temperature susceptibil-
ity, a maximum is observed around T=5K under 1kOe dc field. The magnetization
measured at 1.7K show an obvious inflection around 10kOe, and reached a maximum
value 48 µB at about 20kOe.
As shown in the Fig. 15, the in-plane χ vs T, a maximum is observed around
T=5K in a field of 1kOe, while the out of plane χ vs T continues to increase with
decreasing temperature. The in-plane M vs. H show similar behavior as the prototype
Dy3, but the out-of-plane measurement shows more complicated behavior (Fig. 17).
While the in plane magnetic moments of the Dy ions cancel, there is a net out-of
plane component. The is also shown in the in-plane magnetization measurement
whose in-plane measurement (Fig. 16) is similar to the Dy3 result, where the out-of
plane measurement is more complicated (Fig. 17).
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Figure 15: Temperature dependence of the powder magnetic susceptibility with an applied
field of 1 kOe.
Figure 16: Field dependence of the magnetization of single crystal (in-plane) at different
temperatures as labeled .
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Figure 17: Field dependence of the magnetization of single crystal (out-of-plane) at
different temperatures as labeled.
3.6 Simulation
3.6.1 Introduction to Simulation
The observed behavior has been modeled with the formalism of the statistical ther-
modynamics by assuming the intermolecular interactions can be neglected and the
DyIII ions have a very large magnetic single-ion anisotropy due to the crystal field
splitting of the 6H15/2 ground state. In the first approximation each Dy
III ion, which
is supposed to have the doublet ground state well separated in energy from the other
excited energy levels, can be represented by an effective spin S=1/2 and the Dy8








where i,k are the nearest neighbors.
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3.6.2 Simulation Result
In order to obtain a fit to the data we calculated the M vs H at 0.3K in different
directions and to extract magnetic fields that correspond to the peak positions in
dM/dH (Fig. 18 and Fig. 19). Assuming that the exchange interactions are the same
for all the nearest Dy ions and zero for the others, the exchange interaction between
Dy ions determines the absolute values of the magnetic fields at which the peaks
occur while the local easy spin directions change their relative value. The energy
level crossings follow 4-fold symmetry, consistent with the molecular symmetry. The
calculated directions of the anisotropy axes in the four triangles are in nearly tangen-
tial directions and lie almost in the plane of the corresponding triangles. This is in
agreement with the single ion local easy direction calculated by ligand field theory
(discussion in the following). The agreement between the fitting from the experimen-
tal data and the calculation (magnetization Fig. 20 ∼ Fig. 25) from theoretical model
provides important information about the spin configuration.
Figure 18: In-plane angular dependent dM/dH simulation. Using the parameter of fitting,
we calculate the M vs H and then calculate the first derivative of M vs H with different
magnetic field directions in the plane (X-Y plane).
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Figure 19: Comparison between data and simulation, red and blue circles with error
bars: the peak positions of fitted Gaussian curve of dM/dH curves for different magnetic
field directions. red and blue lines: the calculation of the peak positions of simulated dM/dH
curves. The angle α is between the field direction and the X-axis.
The dM/dH vs H simulation is calculated by taking the first derivative of the M
vs H for different magnetic field directions. Fig. 20 to 25 show plots of M vs. H for
various magnetic field orientations in the X-Y plane, obtained from calculations by
EasySpin. [26]
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Figure 20: The M vs H simulation in applied magnetic field in the direction of 0◦ in the
plane (X-Y plane).
Figure 21: The M vs H simulation in applied magnetic field in the direction of 15◦ in the
plane (X-Y plane).
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Figure 22: The M vs H simulation in applied magnetic field in the direction of 30◦ in the
plane (X-Y plane).
Figure 23: The M vs H simulation in applied magnetic field in the direction of 45◦ in the
plane (X-Y plane).
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Figure 24: The M vs H simulation in applied magnetic field in the direction of 60◦ in the
plane (X-Y plane).
Figure 25: The M vs H simulation in applied magnetic field in the direction of 75◦ in the
plane (X-Y plane).
To understand dM/dH vs H peaks, the Zeeman energy levels are calculated.
Fig. 26 shows the plot of Zeeman energy (the direction of magnetic field is 60◦ in
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the plane (X-Y plane)). The dM/dH vs H peak positions correspond to the Zeeman
energy level (ground state) crossings.
Figure 26: Zeeman splitting of the exchange energy levels in applied magnetic field in the
direction of 60◦ in the plane (X-Y plane).
3.7 Magellan
3.7.1 Introduction to Magellan
The empirical observation suggests that a simple, but appropriate, variational ansatz
for the many-electron ground state wave function of these low-symmetry complexes
consists of the atomic functions Φ±(α,β) corresponding to the mJ=±15/2 states of
the multiplet 6H15/2. To determine the anisotropy, we can use the variational principle
and minimize the energy E±15/2(α,β)=<Φ±(α,β)|HCF |Φ±(α,β)>with respect to all
possible orientations (a,b) of the quantization axis.
The interaction between the electric potential generated by the crystal field













The calculations of local anisotropy were done using the Magellan program. This
program is used to determine VCF (θ, φ) in the equation 9, where crystal structure
coordinates are used to model the point charge electrostatic potential experienced by
DyIII ions. The charges of the ligand atoms are determined by a minimal valence
bond (VB) model. In this model, the charge is delocalized as a resonance hybrid and
the partial charges accumulated by each atom in the VB resonance hybrid. We arrive
at a very simple fractional charge distribution for the ligand atoms that surround Dy
ions.
Once the charge over the ligand is determined, the position of charges are ar-
ranged around the DyIII ion using the X-ray crystal structure. The electrostatic
potential can be calculated using crystal field theory:
















where (Rn, θn, φn) are the spherical coordinates of the n
th charged atom.
Minimization of the electrostatic energy in Equation (9) in conjunction with this
minimal VB model yields an orientation of the anisotropy axis.
3.7.2 Magellan result
To determine the local anisotropy of the Dy ions by theory, calculations on the indi-
vidual Dy ions were performed on Magellan, [28] a program that calculates the easy
direction using ligand field theory. We determined that the problem can be seen as a
deformed four-pointed star composed of four equilateral triangle surrounding a cen-
tral deformed square; note that the square is deformed because the four ions in the
square are not in the same plane). The electrostatic potential surfaces of eight Dy
ions are calculated (Fig. 28 ∼ Fig. 35). The easy direction of each Dy ion is in the
approximately tangential direction of the circles of the triangles (Table 2).
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Table 2: Single Dy ion local anisotropy of Dy8 molecule from Magellan program
calculation and Simulation
Dy1 Dy2 Dy3 Dy4 Dy5 Dy6 Dy7 Dy8
Experiment
θ(◦) 69 69 69 69 56 56 56 56
φ(◦) 315 45 135 225 273 183 93 3
Magellan
θ(◦) 76 73 79 79 68 70 67 69
φ(◦) 315 43 135 224 269 179 91 1
Figure 27: The charges in the point charge model of Magellan calculation. All the charges
of ligand are negative
Fig. 28 to 35 show plots of electrostatic potential vs. θ and φ for eight Dy ions.
This calculations are obtained by Magellan. [28] The positions and charges (Fig. 27)
are given by VB model.
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Figure 28: Magellan calculation: Electrostatic potential surfaces of single Dy1 ion.
Figure 29: Magellan calculation: Electrostatic potential surfaces of single Dy2 ion.
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Figure 30: Magellan calculation: Electrostatic potential surfaces of single Dy3 ion.
Figure 31: Magellan calculation: Electrostatic potential surfaces of single Dy4 ion.
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Figure 32: Magellan calculation: Electrostatic potential surfaces of single Dy5 ion.
Figure 33: Magellan calculation: Electrostatic potential surfaces of single Dy6 ion.
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Figure 34: Magellan calculation: Electrostatic potential surfaces of single Dy7 ion.
Figure 35: Magellan calculation: Electrostatic potential surfaces of single Dy8 ion.
3.8 SIMPRE
3.8.1 Introduction to SIMPRE
For each Dy single ion, we consider a CF Hamiltonian, Ĥcf , which parameterizes
the electric field effect caused by the surrounding ligands acting over the central
lanthanide ion. The Hamiltonian Ĥcf generated by a charge distribution can be
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written in its most primitive form as the sum of Coulomb fields created by the charges.
The theory is introcted in section 2.2.1 Effective Point Charge Model.
3.8.2 SIMPRE result
Calculations on the individual Dy ions were also performed on SIMPRE, [28] a pro-
gram that calculates the energy of the single ion, the corresponding eigenstate and
easy direction, using ligand field theory (see Experimental section).The results agree
with what we expect, the single ion anisotropy is strong and the ground state is pure
±15/2 (>99%) the easy directions match the Magellan. Table 3 and 4 describe the
energy levels and the main component of the eigenstates of eight Dy ions.
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Table 3: SIMPRE calculation: Dy ions in Dy8 molecule
























771 37%|±3/2> + 29%|±1/2> + 20%|±5/2>
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Table 4: SIMPRE calculation: Dy ions in Dy8 molecule
























374 22%|±5/2> + 19%|±3/2> + 16%|±7/2>
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4 First Order Reversal Curve (FORC)
The magnetic characterization of materials is usually made by measuring a hysteresis
loop. However it is not possible to obtain information of interactions or coercivity
distributions from the hysteresis loop and thus, first-order-reversal-curves (FORC)
provide insight into the relative proportions of reversible and irreversible components
of the magnetization of a material.
4.1 Introduction of FORC Diagrams
FORC diagrams are calculated from a class of partial magnetic hysteresis curves
known as first-order reversal curves [29]. A FORC is measured by first magnetically
saturating a sample (if possible) in a strong positive applied field (Hsat). The field is
then decreased to a so-called reversal field, Hr. A FORC is the magnetization curve
that is measured at a series of approximately evenly spaced applied fields, H, from Hr
to Hsat (Fig. 36a). The magnetization at any field H with reversal field Hr is denoted
as M(Hr, H). Multiple FORCs are measured for a range of evenly spaced Hr values
(Fig. 36b) to obtain the gridded magnetization measurements needed (Fig. 36c) to
create a FORC diagram (Fig. 36d). Magnetization data from consecutive measure-
ment points on consecutive FORCs are used to determine the FORC distribution,
which is defined as a mixed second derivative [29–31]:




Purely reversible magnetization components (e.g., due to paramagnetism or dia-
magnetism) do not exhibit hysteresis, so will be eliminated by the mixed second
derivative and will not contribute to a FORC distribution.
When a FORC distribution is plotted, it is convenient to change coordinates




Figure 36: (a) Measurement of sigle FORC, (b) Raw FORC data, (c) Raw FORC data
in field space, (d) A FORC diagram.
FORC distribution with Hc and Hu on the horizontal and vertical axes, respectively.
Since H≥ Hr then Hc≥0, and a FORC diagram is confined to the right side half
plane. To calculate ρ(H,Hr) we fit the magnetization with a polynomial surface of
the form: a1 + a2H + a3H
2 + a4Hr + a5H
2
r + a6HHr, then −a6 is taken as the value
of ρ(H,Hr) at the center of the array.
4.2 FORC result and analysis
The first-order reversal curve (FORC) technique has been widely used for the magne-
tization characterization in magnetic nanostructures [32–36]. It provides information
about irreversible magnetic switching [37, 38], magnetic interactions [39–41], distri-
butions of magnetic characteristics [42, 43], and magnetic phase separation [44, 45],
which are not easily accessible in conventional hysteresis loop investigations.
In this thesis, we have investigated the magnetization reversal processes in Dy8
molecular magnet by FORC measurements to gain a comprehensive understanding
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of the reversal mechanism. Fig. 37 ∼ Fig. 48 show plots of M vs. H experimental
data for different magnetic field directions. In each plot, different colour line shows
different reverse field Hr for same magnetic field orientations.
Figure 37: The hysteresis loop and FORC in applied magnetic field in the direction of 0◦
in the plane (X-Y plane).
Figure 38: The hysteresis loop and FORC in applied magnetic field in the direction of
21◦ in the plane (X-Y plane).
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Figure 39: The hysteresis loop and FORC in applied magnetic field in the direction of
30◦ in the plane (X-Y plane).
Figure 40: The hysteresis loop and FORC in applied magnetic field in the direction of
44◦ in the plane (X-Y plane).
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Figure 41: The hysteresis loop and FORC in applied magnetic field in the direction of
55◦ in the plane (X-Y plane).
Figure 42: The hysteresis loop and FORC in applied magnetic field in the direction of
72◦ in the plane (X-Y plane).
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Figure 43: The hysteresis loop and FORC in applied magnetic field in the direction of
89◦ in the plane (X-Y plane).
Figure 44: The hysteresis loop and FORC in applied magnetic field in the direction of
108◦ in the plane (X-Y plane).
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Figure 45: The hysteresis loop and FORC in applied magnetic field in the direction of
115◦ in the plane (X-Y plane).
Figure 46: The hysteresis loop and FORC in applied magnetic field in the direction of
133◦ in the plane (X-Y plane).
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Figure 47: The hysteresis loop and FORC in applied magnetic field in the direction of
148◦ in the plane (X-Y plane).
Figure 48: The hysteresis loop and FORC in applied magnetic field in the direction of
161◦ in the plane (X-Y plane).
To understand the spin-correlation and interaction during the magnetization
reversal process in detail, we performed the FORC analysis. The FORC distribution
is defined by a mixed second-order derivative. The second order derivative eliminates
the reversible magnetization process, thus a plot of the FORC distribution ρ(H,Hr)
47
can be created to probe details of the irreversible magnetization reversal and magnetic
interaction. We have applied a standard smoothing and interpolation process for
calculating accurate FORC distribution for different magnetic field directions. Fig. 49
∼ Fig. 60 show plots of ρ vs. H and Hr for various magnetic field orientations,
calculated by data Fig. 37 ∼ Fig. 48 using (36).
Figure 49: The FORC diagram in applied magnetic field in the direction of 0◦ in the
plane (X-Y plane).
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Figure 50: The FORC diagram in applied magnetic field in the direction of 21◦ in the
plane (X-Y plane).
Figure 51: The FORC diagram in applied magnetic field in the direction of 30◦ in the
plane (X-Y plane).
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Figure 52: The FORC diagram in applied magnetic field in the direction of 44◦ in the
plane (X-Y plane).
Figure 53: The FORC diagram in applied magnetic field in the direction of 55◦ in the
plane (X-Y plane).
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Figure 54: The FORC diagram in applied magnetic field in the direction of 72◦ in the
plane (X-Y plane).
Figure 55: The FORC diagram in applied magnetic field in the direction of 89◦ in the
plane (X-Y plane).
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Figure 56: The FORC diagram in applied magnetic field in the direction of 108◦ in the
plane (X-Y plane).
Figure 57: The FORC diagram in applied magnetic field in the direction of 115◦ in the
plane (X-Y plane).
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Figure 58: The FORC diagram in applied magnetic field in the direction of 133◦ in the
plane (X-Y plane).
Figure 59: The FORC diagram in applied magnetic field in the direction of 148◦ in the
plane (X-Y plane).
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Figure 60: The FORC diagram in applied magnetic field in the direction of 165◦ in the
plane (X-Y plane).
A set of representative FORCs and the corresponding FORC distribution in the
(H,Hr) coordinate system with θ = 0
◦ are shown, respectively. The first feature of
FORC is positive peak around Hr = 1T , H = 1.4T , the second feature of FORC is
positive peak around Hr = −1.4T , H = −1T .
The third and forth features of FORC are negative/positive pairs, in the FORC
diagram. They arise from the mismatch between the ending point along the reversal
curves. The positions of the pairs change following 4-fold symmetry same as the
hysteresis loop dM/dH peak positions. When the magnetic field direction is 0 or
89 degree, the two pairs are almost similar Hr = −1T and H = 1T , when the
magnetic field direction is 45 or 133 degree, the third feature’s position is Hr = −1.4T ,
H = 0.7T and the forth feature’s position is Hr = −1.4T , H = 1.4T .
The fifth and sixth features are positive peak, and they are due to the magne-
tization up-switching process across the H. The positions and intensity of the peaks
change following 4-fold symmetry. When the magnetic field direction is 0 or 89 de-
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gree, the Hr = −1T and intensity is maximum, when the magnetic field direction is
45 or 133 degree, the Hr = −1.4T and the intensity is minimum.
The future study of the FORC is discussed in the section 6.1 future work.
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5 General Experimental Techniques
5.1 3He Cryostat
5.1.1 Temperature Control
Liquid helium (Fig. 61) is one of the most popularly used cryogens to reach low
temperature. There are two stable isotopes of helium: 3He and 4He.The boiling
temperature of liquid 3He is 3.2 K at 1 atm (1.01325×105 Pa), 0.25 K around sorption
pump pressure 1Pa. The 3He fridge can operation at the temperature as low as 0.25
K.
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Figure 63: A schematic diagram for 3He cryostat with the probe in “down” position (see
text).
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(immersed in liquid 3He) 
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Figure 64: Schematic diagrams for cooling cycle in the sample space (pure 3He space)
An Oxford 3He Cryostat (HelioxTL system) (Fig. 62) was used for most of the
measurements to achieve the temperature. This system can 250 mK with high cooling
power and thermal conduction with the sample immersed in liquid 3He. Cooling
down below 1.4 K is done by a one-shot cycle which stop when all the liquid 3He has
evaporated. It can keep at the base temperature for more than 5 hours depending on
the heat-load of the measurement. The samples can be changed in several hours due
to the top-loading ability, while the system is kept at liquid helium temperature.
During the cooling cycle (see Fig. 63), liquid 3He accumulates at the bottom
of the 3He pot. The sample space is thermally isolated from the 4He main bath
by the inner vacuum chamber (IVC). Light blue color shows the main bath in the
59
schematic. Light purple color shows the IVC. The outer vacuum chamber (OVC) with
superinsulation (layers of material cooled by 4He gas from the main bath), thermally
isolates the main bath from room temperature. Red color shows the pumping line for
the 1 K stage. In Fig. 63, red arrows show the direction of the flow of 4He from the
main bath to the “big” pump.
Fig. 64 shows schematic diagrams for the cooling cycle. By pumping 4He, the
1 K point (red) can achieve 1.4 K continuously. At 1.4 K, the sorb pump can absorb
3He. Cooling down below 1.4 K requires two steps. Fig. 64 (a) shows the first step.
The sorb is warmed by an electric heater to 25∼ 40 K. At this temperature, the sorb
pump releases the 3He which will condense at the surface of the 1 K stage (1.4 K) and
liquid 3He (magenta) drops down to the bottom of the sample space. In the second
step as in Fig. 64 (b), the heater of sorb is turned off, and the sorb starts to absorb
3He. As 3He is evaporated, the temperature of the condensation in the 3He pot goes
down to the base temperature of 250 mK.
5.1.2 Magnetization Measurement – Hall sensor
Micro Hall sensor-arrays were used to probe the magnetization of samples. Chang,









Figure 65: GaAs/AlGaAs heterostructures (schematic)
The Hall sensors were fabricated by lithography on GaAs/AlGaAs heterostruc-
tures which form a two-dimentional electron gas (2DEG) at the interface (see Fig. 65).
A thin layer (10 nm) of undoped Al0.3Ga0.7As was grown on undoped GaAs substrate
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by molecular beam epitaxy (MBE), followed by a Si-doped Al0.3Ga0.7As which pro-
vides the carriers for the 2DEG [47,48]. Fig. 66 shows the top view of the Hall sensor
array. The 2DEG is in the yz-plane. The excitation current, Iexc was applied along
the z-axis. The Hall sensors are insensitive to magnetic fields parallel to the yz-plane.












Figure 66: A photograph of the top view of the Hall sensor array with relatively large
sensors (30 × 30µm2 with a 50µm interval) is shown. The 2DEG is oriented in the yz-
plane. The excitation current, Iexc was applied parallel to the z-axis. The Hall voltage, VH is
proportional to the perpendicular magnetic field, Bx. Each sensor probes the approximately
uniform magnetic field, Bx in each shaded area (as shown in the detailed view).
The Hall voltage, VH , is related to the external field, Bx, by
VH = BxRHIexc , (11)
where RH is the Hall coefficient and Iexc is the excitation current. There is almost no
temperature dependence of RH in the measurement temperature from from 0.3K to
3K. RH is independent of Iexc up to 0.1 mA. At low temperatures due to the quantum
Hall effect, the linearity of the Eq. 11 deviates at Bx > 5000 Gauss.
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5.2 Magnetic Property Measurement System
5.2.1 Temperature Control
The boiling temperature of liquid 4He is around 4.2 K at 1 atm, 1.4 K at the mechan-
ical pump pressure around 102Pa. Normal 4He fridges have very large temperature
range of, usually from 1.8K to room temperature.
The lower portion of the sample space with copper provide a region of high
thermal uniformity. Thermometers determine the sample temperature and provide
for temperature control.
5.2.2 Magnetization Measurement – SQUID
The detection coil is a second-order gradiometer made by superconducting wire
(Fig. 67). In this configuration, the upper coil is a single clockwise turn, the cen-
ter coil is two counter-clockwise turns, and the bottom coil is a single clockwise turn.
In the MPMS, the coils are putted at the center of the superconducting magnet and
outside of the sample chamber. So the magnetic field from the sample go through
the coils as the sample is moved through them. This coil configuration can reduce
noise in the detection circuit from magnetic field fluctuations of the superconducting
magnet.
The coil also minimizes background drifts in the SQUID system caused by mag-
netic field relaxation of the superconducting magnet. Ideally if the magnetic field
is uniform, the flux change in the center two-turn coil will be canceled by the flux
change in the top and bottom single-turn coils. On the other hand, the magnetization
of a sample can still be measured by moving the sample through the coils because
the coil set can measure the local changes in magnetic flux produced by the dipole
field of the sample.
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Figure 67: The configuration of the second-order gradiometer superconducting detection
coil and the output of the SQUID as a magnetic dipole is moved through the second-order
gradiomemer pickup coil.
5.2.3 The Superconducting Magnet
The MPMS uses a solenoidal configuration superconducting magnet. The magnet of
MPMS is a completely closed superconducting loop. Power supply charge it up to a
specific current, then it is operated during a measurement to lower the noise without
an external power supply. To charge the magnet up to a specific current, the closed
superconducting loop is electrically opened by part of the magnet’s superconducting
wire. When the heater is working, this part of wire in the heater becomes normal
state, so electrically opening the superconducting loop. By using a power supply to
both side of the switch, it can change the current in the superconducting magnet.
When the current in the magnet is provided by the external power supply, the
SQUID in the MPMS will have a high noise. The SQUID noise comes from fluctu-
ations in the magnetic field of the magnet produced by current fluctuations in the
power supply. But when the magnetic field is at the desired level, the heater can be
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turned off to return the switch to the superconducting state. Then the current from
the power supply can be turned off and the magnet completely disconnected from the
power supply, but the superconductor current still flow in the magnet, keeping in the
desired magnetic field. This situation is typically referred to as the persistent mode.
5.2.4 The Measurement Procedure
The sample is mounted in a sample holder that is attached to the end of a rigid
sample rod. Double seal is designed to allow the rod to be moved by a drive located
outside of chamber.
Sample’s position change causes detection coil flux change (Fig. 67), so changing
the current in it. Because the loop is superconducting, the current does not decay.
During the measurement, the sample is stopped at several positions in the scan range,
for each stop several readings of the SQUID voltage are collected and averaged. The
complete scans can be repeated several times toe average the signal and improve the
signal-to-noise ratio.
5.2.5 Output Signal Analysis
Computer fitting can make the most accurate determinations of the moment. The
fitting methods are based on the response for a magnetic dipole passing through
a second-order coil. We use the linear regression method to fit the magnetization
measurement.
The linear regression method makes a fit of the theoretical signal of a dipole
moving through a second-order gradiometer to the actual SQUID output signal using




In this thesis, the magnetic properties of molecular nanomagnets (MNMs) were in-
vestigated with magnetization measurement techniques and point charge model cal-
culation. The data were analyzed and magnetic models were developed from which a
physical understanding of the magnetic properties was inferred. The work presented
here can be grouped under two aims: 1. the investigation of spin exchange couplings
within a molecule and 2. the study of MNMs which incorporate ions with an un-
quenched orbital angular momentum and therefore have an inherent high magnetic
anisotropy.
Our work showed the high impact of magnetization measurement techniques on
the understanding of the magnetic properties of MNMs.
The combination of crystal field splitting and exchange make it difficult to ex-
tract a configuration of local spin easy direction of multinuclear lanthanide complexes.
The angular dependence of single crystal magnetization data is consistent with an
isotropic (Heisenberg) exchange type exchange Hamiltonian. By comparing the an-
gular dependent dM/dH peaks positions and the calculated Zeeman splitting energy
level crossings, we have determined the spin configuration of the ground state of Dy8
is toroidal in nature. In contrast with the complex and inconclusive calculations used
heretofore, the procedure presented in this paper offers a reliable and straightforward
method involving experiment and theory to determine the symmetry of the ground
state of similar molecular magnets which will be discussed in the following.
Although Dy3 and Dy8 molecules are both highly symmetric, there are differ-
ences between them that enable the experimental determination of the ground state
spin configuration in one case but not the other. In Dy3 there are several spin con-
figurations that yield the same magnetization pattern as a function of in-plane angle,
and it is not possible to distinguish between these different (degenerate) spin arrange-
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ments. By contrast, the Dy8 molecule follows 4-fold symmetry as a whole, while the
triangles within the molecule obey toroidal symmetry. This lifts the degeneracy of the
different spin configurations that would otherwise be degenerate, enabling a determi-
nation based on experimental measurements as a function of angle. More generally,
our method can be applied only to molecules that have competing symmetries such
as the toroidal and four-fold symmetries that exist in Dy8. Our method is applicable,
for example, for Dy6 and the low symmetry variant of Dy3.
This method can be applied only to molecules have that have competing sym-
metries such as the trigonal and four-fold symmetries that is obtained in Dy8. This
also includes Dy6 and the low symmetry variant of Dy3.
6.1 Future study
6.1.1 Analyze the out of plane magnetization data
While the angular dependence of the in-plane magnetization was analyzed and un-
derstood, our model in its present form does not provide a good fit for the measured
out-of-plane magnetization. It is possible that a better fit can be obtained if one
includes the effect of intra-molecular exchange interactions between Dy1 and Dy3,
and between Dy2 and Dy4. Calculations are currently underway.
6.1.2 Detailed measurement of FORC
The accuracy of the FORC measurements can be improved by scanning H and Hr
in smaller step and at a reduced field-ramping speed. This should provide better
information about the spin configuration, interactions, and how the spins rotate as
we scan the magnetic field in different directions
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7 Appendix
7.1 The Derivation of Point Charge Model























k (θ, φ) (14)
The relations between the spehrical and tesseral harmonics are:












(Zckq − iZskq) (17)

































































































































































Zsk|q|(θi, φi)pk|q|; (q < 0) (28)
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Considering the shielding effect, and the nonzero items only occur when k = 2,













ak(1− σk)Aqk < r
k > Oqk (29)
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son, Vlasoula Bekiari, George Christou, and Theocharis C Stamatatos, Inorg.
Chem., 53(11), 5420–5422 (2014).
[26] Stefan Stoll and Arthur Schweiger, Journal of magnetic resonance, 178(1), 42–55
(2006).
[27] J Sievers, Z. Phys. B Con. Mat., 45(4), 289–296 (1982).
[28] Nicholas F Chilton, David Collison, Eric JL McInnes, Richard EP Winpenny,
and Alessandro Soncini, Nat. Commun., 4, 2551 (2013).
[29] Isaak Mayergoyz, IEEE Transactions on magnetics, 22(5), 603–608 (1986).
[30] H Wilde and H Girke, Z. Angew. Phys, 11, 339–342 (1959).
[31] Chris Pike and Andres Fernandez, Journal of applied physics, 85(9), 6668–6676
(1999).
[32] ID Mayergoyz, New York (1991).
[33] Christopher R Pike, Andrew P Roberts, and Kenneth L Verosub, Journal of
Applied Physics, 85(9), 6660–6667 (1999).
[34] Dustin A Gilbert, Gergely T Zimanyi, Randy K Dumas, Michael Winklhofer,
Alicia Gomez, Nasim Eibagi, JL Vicent, and Kai Liu, Scientific reports, 4, 4204
(2014).
[35] Aurelian Rotaru, Jin-Hee Lim, Denny Lenormand, Andrei Diaconu, John B Wi-
ley, Petronel Postolache, Alexandru Stancu, and Leonard Spinu, Physical Review
B, 84(13), 134431 (2011).
[36] Dustin A Gilbert, Brian B Maranville, Andrew L Balk, Brian J Kirby, Peter
Fischer, Daniel T Pierce, John Unguris, Julie A Borchers, and Kai Liu, Nature
communications, 6, 8462 (2015).
[37] Joseph E Davies, Olav Hellwig, Eric E Fullerton, Greg Denbeaux, JB Kortright,
and Kai Liu, Physical Review B, 70(22), 224434 (2004).
72
[38] Randy K Dumas, Peter K Greene, Dustin A Gilbert, Li Ye, Chaolin Zha, Johan
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